Introduction
============

Esophageal cancer is one of the most common types of cancer worldwide with \>480,000 new cases diagnosed annually ([@b1-ol-0-0-4428],[@b2-ol-0-0-4428]). Globally, the disease accounts for \~400,000 cancer-associated mortalities annually ([@b3-ol-0-0-4428]) with a 5-year survival rate of \<20% ([@b4-ol-0-0-4428]). According to the National Comprehensive Cancer Network guidelines ([@b5-ol-0-0-4428]), surgery is the optimal treatment choice, however, chemotherapy and radiotherapy may also be administered ([@b6-ol-0-0-4428]). Squamous cell carcinoma is one of the most common types of cancer and this reacts poorly to common chemotherapy compared with other types of cancer, such as adenocarcinoma ([@b7-ol-0-0-4428]). Novel studies are required to provide evidence for effective therapy on this disease. Glycolysis and the uptake of glucose are enhanced in cancer cells in order to meet the increased energy requirements of the rapidly proliferating cells, including esophageal caner cells, which are known of elevated Wurberg Effects. A fraction of the glucose in cancer cells is metabolized by the hexosamine biosynthetic pathway (HBP) ([@b8-ol-0-0-4428]--[@b10-ol-0-0-4428]). The HBP regulates enzymatic O-linked glycosylation (O-GlcNAcylation), a post-translational carbohydrate modification of diverse nuclear and cytosolic proteins by the addition of O-linked β-N-acetylglucosamine (O-GlcNAc). O-GlcNAcylation of a protein alters the protein\'s stability, intracellular localization and function. O-GlcNAcylation serves important roles in an array of normal biological processes, and its dysregulation is involved in a variety of human diseases, including diabetes mellitus ([@b11-ol-0-0-4428],[@b12-ol-0-0-4428]) and various neurological disorders ([@b13-ol-0-0-4428]). Several GlcNAcylated tumor-associated proteins have recently been identified, including c-Myc ([@b14-ol-0-0-4428]) and p53 ([@b15-ol-0-0-4428]), each one of the most important oncogenes and tumor suppressor genes, respectively. These findings suggest that O-GlcNAcylation serves a significant role in oncogenesis and tumor progression ([@b16-ol-0-0-4428]--[@b18-ol-0-0-4428]). In our previous study, OGT and a marker of O-GlcNAcylation levels, mouse monoclonal anti-O-linked N-acetylglucosamine antibody (RL2), were observed to be upregulated in esophageal cancer ([@b19-ol-0-0-4428]). However, the physiological consequences of this upregulation remain to be determined.

In the current study, RNA interference (RNAi) was used to knock down OGT in esophageal cancer Eca-109 cells, and the cell proliferation and migration capabilities were subsequently assessed. The results demonstrated that cell viability was unaffected by RNAi knockdown of OGT in Eca-109 esophageal cancer cells; however, the knockdown significantly reduced cell migration and markedly decreased matrix metalloproteinase 9 (MMP9) levels in knockdown cells.

Materials and methods
=====================

### Reagents

Polyclonal rabbit anti-human OGT antibody was purchased from ProteinTech Group, Inc. (Chicago, IL, USA; catalog no., 11576-2-AP) and mouse monoclonal anti-human MMP9 antibody was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA; catalog no., sc-12759). Mouse monoclonal RL2 antibody (catalog no., MA1-072) and the ~Invitrogen™\ BLOCK-iT™\ Pol\ II\ miR\ RNAi\ Expression\ Vector\ Kit~ (catalog no., ~K4935-00)~ were purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Transwell plates were purchased from Corning Incorporated (Corning, NY, USA).

### Cell culture and RNAi

The human esophageal cancer Eca-109 cell line was obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI-1640 medium (Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences, Logan, UT, USA), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.). Cells were incubated at 37°C in an atmosphere of 5% CO~2~. Three shRNAs were designed with the assistance of the online RNAi software BLOCK-iT™ RNAi Designer (<http://rnaidesigner.lifetechnologies.com/rnaiexpress/>). The names and sequences of the three shRNA segments are listed in [Table I](#tI-ol-0-0-4428){ref-type="table"}. Eca-109 cells were transfected with an RNAi-OGT-EmGFP Vector according to the BLOCK-iT™ Pol II miR RNAi Expression Vector Kit manufacturer\'s instructions. Negative control cells were composed of Eca-109 cells transfected with negative control shRNA, as described in [Table I](#tI-ol-0-0-4428){ref-type="table"}.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from the Eca-109 cells using TRIzol reagent according to the manufacturers\' instructions (Takara Bio, Otsu, Japan), and cDNA was synthesized using GoScript™ Reverse Transcription System, according to the manufacturer\'s instructions (Promega Corporation, Madison, WI, USA; catalog no., A5001). In total, 950 ng of total RNA from each sample was used for the synthesis of cDNA. The target gene mRNA levels relative to the GAPDH control were determined by qPCR in an Applied Biosystems™ 7900 HT Fast Real-Time PCR System (Thermo Fisher Scientific, Inc.) using the GoTaq^®^ qPCR Master Mix (Promega Corporation; catalog no., A6001). The data were analyzed using the 2^−ΔΔCq^ method ([@b20-ol-0-0-4428]). The genes of interest were OGT1, OGT2, OGT3 and MMP9. The primers were designed using BLOCK-iT™ RNAi Designer software (Invitrogen; Thermo Fisher, Inc.) and synthesized by BGI Shenzhen (Shenzhen, China). The following primer sequences were used: MMP9, forward 5′-CCTGGAGACCTGAGAACCAATCT-3′ and reverse 5′-CCACCCGAGTGTAACCATAGC-3′. PCR was performed under the following conditions: Initial denaturation at 95°C for 30 sec, followed by 40 cycles of 95°C for 5 sec, and elongation at 60°C for 30 sec. Each of the cDNA samples from each group were assessed for gene expression in duplicate. All the tests were repeated for 3 times.

### Western blot

Total protein was extracted on ice from Eca-109 cells with cell lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA). Equal amounts of protein were separated by 10% SDS-PAGE and then transferred to a polyvinylidene difluoride membrane (catalog no., P2813; Sigma-Aldrich, St. Louis, MO, USA). Membranes were blocked with 2% fat-free milk in phosphate-buffered saline (PBS) at room temperature for 1 h and then probed with primary antibodies (dilution, 1:200) overnight at 4°C in PBS containing 0.1% Tween 20 (PBST) and 1% fat-free milk. Following the overnight incubation, membranes were washed four times in PBST and then incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibody (dilution, 1:200; catalog no., 1662408; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Signals were developed using enhanced chemiluminescence reagents (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Densitometric analysis was performed to quantify the results using Image Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).

### Cell proliferation assay

Cells were seeded into 96-well plates at a density of 5×10^4^/ml in 100 µl of medium, and grown for 24 h. Following transfection for 24--72 h, the CellTiter 96^®^ AQueous One Solution Cell Proliferation Assay System (Promega Corporation) was added (20 µl/well) and incubated for 90 min. Finally, the optical densities (OD) were measured at 492 nm with a scanning microplate reader (EnSpire^®^ Multimode Plate Reader; Perkin Elmer, Waltham, MA, USA).

### Colony formation assay

A total of 200 cells were plated in a 10-cm Petri dish. Two weeks following transfection, the cells were washed with PBS, fixed with cold methanol for 15 min at −20°C, and stained with 1% crystal violet (Thermo Fisher Scientific, Inc.) in 25% methanol for 15 min. The dishes were thoroughly washed with water, and the blue colonies were counted.

### Transwell chamber assay

Transwell chamber migration assays were performed using Nunc 24-well 8.0-µm pore Transwell plates (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s instructions. Eca-109 cells were plated at a density of 5×10^4^cells/ml in each well with RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.) free of FBS, and 500 µl culture medium containing 10% FBS was added to the bottom of the 24-well plate. Following incubation for 24 h, non-invading cells were removed from the upper surface of the membrane using a cotton-tipped swab. The invading cells were subsequently fixed in methanol for 10 min and stained with 0.1% crystal violet hydrate (Sigma-Aldrich) for 30 min. The stained cells were counted as cells per field at 10× magnification in 3 fields (CX31 microscope; Olympus Corporation, Tokyo, Japan).

### Statistical analysis

All data are presented as the mean ± standard error of the mean of at least three individual experiments. Student\'s t-test was used to analyze the differences between groups. Statistical significance was determined using SPSS software version 13.0 (SPSS Inc., Chicago, IL, USA). P\<0.05 was considered to indicate statistically significant differences.

Results
=======

### Silencing of OGT by RNAi in Eca-109 cells

Three pairs of double-stranded OGT oligonucleotides (RNAi-OGTA, RNAi-OGTB and RNAi-OGTC) were designed and cloned into the transfection vector RNAi-OGT-EmGFP. To assess the transfection efficiency, Eca-109 cells were transfected with RNAi-OGT-EmGFP and EmGFP fluorescence was observed after 7-, 14- and 21-day incubations. After 7 days of incubation, \>90% of the cells fluoresced green, and the cells remained strongly fluorescent until at least 21 days ([Fig. 1A](#f1-ol-0-0-4428){ref-type="fig"}), indicating efficient transfection of the construct.

To assess the RNAi efficiency of the RNAi-OGT constructs, the OGT mRNA levels were measured using RT-qPCR following three days of transfection. The results indicated that RNAi-OGTA, RNAi-OGTB and RNAi-OGTC decreased OGT mRNA levels compared with negative control shRNA transfected cells. Furthermore, the strongest OGT knockdown was induced by RNAi-OGTB ([Fig. 1B](#f1-ol-0-0-4428){ref-type="fig"}). Consistent with OGT mRNA level alterations, western blot analysis demonstrated that OGT protein levels were also markedly downregulated by RNAi-OGTA, RNAi-OGTB and RNAi-OGTC. Once again, the strongest OGT knockdown was induced by RNAi-OGTB ([Fig. 1C and D](#f1-ol-0-0-4428){ref-type="fig"}). Therefore, the subsequent functional analyses of OGT knockdown in Eca-109 cells were performed using the RNAi-OGTB construct.

### OGT knockdown by RNAi decreases O-GlcNAcylation in Eca-109 cells

In our previous study, OGT and the O-GlcNAcylation marker RL2 were observed to be highly expressed in esophageal cancer ([@b19-ol-0-0-4428]). The present study aimed to determine whether RNAi silencing of OGT leads to decreased O-GlcNAcylation in esophageal cancer cells. RL2 protein levels were assessed by western blot analysis of Eca-109 cells transfected with RNAi-OGTB for 72 h, revealing that, compared with cells transfected with the control shRNA, RNAi-OGTB-transfected cells exhibited significantly decreased RL2 protein levels (P=0.002; [Fig. 2](#f2-ol-0-0-4428){ref-type="fig"}).

### RNAi knockdown of OGT does not affect the viability of Eca-109 cells

Colony formation assays demonstrated that RNAi-OGTB transfection of Eca-109 cells led to decreased colony formation. However, the observed decrease in colony formation did not reach statistical significance when compared with the negative control shRNA transfected cells (P=0.232; [Fig. 3A--C](#f3-ol-0-0-4428){ref-type="fig"}). Similarly, cell proliferation assays revealed that RNAi-OGTB transfection of Eca-109 cells did not significantly inhibit cell proliferation when compared with negative control shRNA transfected cells (P=0.728; [Fig. 3D](#f3-ol-0-0-4428){ref-type="fig"}). These results indicate that the RNAi knockdown of OGT had no effect on Eca-109 cell viability.

### RNAi knockdown of OGT inhibits Eca-109 cell migration

To investigate whether RNAi knockdown of OGT affects cell migration, Transwell assays were performed using Eca-109 cells transfected with RNAi-OGTB for 72 h. In comparison with the control ([Fig. 4A](#f4-ol-0-0-4428){ref-type="fig"}), RNAi-OGTB transfection significantly decreased cell migration (P\<0.001; [Fig. 4B and C](#f4-ol-0-0-4428){ref-type="fig"}), suggesting that OGT promotes cell migration.

### RNAi knockdown of OGT downregulates MMP9 expression in Eca-109 cells

To investigate the underlying mechanism by which OGT downregulation inhibits cell migration, MMP9 mRNA and protein levels were assessed by RT-qPCR and western blot analysis, respectively, in Eca-109 cells transfected with RNAi-OGTB for 72 h. Compared to the control, RNAi-OGTB transfection significantly downregulated MMP9 mRNA levels (P\<0.001; [Fig. 5A](#f5-ol-0-0-4428){ref-type="fig"}). Correspondingly, western blot analysis also demonstrated the marked downregulation of MMP9 by RNAi-OGTB transfection (P=0.003; [Fig. 5B and C](#f5-ol-0-0-4428){ref-type="fig"}).

Discussion
==========

In this study, OGT was successfully knocked down using RNAi in human Eca-109 esophageal cancer cells. OGT downregulation resulted in a decrease of the O-GlcNAcylation marker RL2. OGT knockdown did not significantly alter cell viability; however, it did significantly reduce Eca-109 cell migration. Moreover, MMP9 mRNA and protein expression was significantly decreased following RNAi knockdown of OGT in Eca-109 cells. These findings suggest that OGT may promote the migration, invasion and metastasis of esophageal cancer cells by enhancing the stability or expression of MMP9.

Types of protein modification include phosphorylation, ubiquitination, glycosylation, nitrosylation and O-GlcNAcylation. O-GlcNAcylation is a kind of post-translational modification that targets diverse nuclear and cytosolic proteins by the cycling of a single O-linked β-N-acetylglucosamine on the hydroxyl groups of the serine and threonine residues of target proteins ([@b17-ol-0-0-4428],[@b18-ol-0-0-4428],[@b21-ol-0-0-4428]). O-GlcNAcylation is dynamically regulated by the polypeptides OGT and β-N-acetylglucosaminidase (OGA): OGT catalyzes the addition of O-linked β-N-acetylglucosamine from uridine diphosphate N-acetylglucosamine onto the hydroxyl group of a serine or threonine residue on the target protein substrate ([@b22-ol-0-0-4428]), whilst OGA is a neutral hexosaminidase with a catalytic site similar to a family of 84 glycoside hydrolases that specifically catalyze the removal of β-linked GlcNAc on their substrates ([@b23-ol-0-0-4428]--[@b25-ol-0-0-4428]). O-GlcNAcylation is involved in cellular signal transduction pathways and regulates cell growth, proliferation and migration ([@b26-ol-0-0-4428]). Increased OGT expression and O-GlcNAcylation levels have been observed to promote tumorigenesis in numerous types of tissue, including lung, colon and breast cancers ([@b27-ol-0-0-4428],[@b28-ol-0-0-4428]). Our group previously demonstrated that the expression of OGT was positively related to the level of O-GlcNAcylation, and that OGT expression and O-GlcNAcylation levels were increased in esophageal cancer when compared to normal esophageal tissues ([@b19-ol-0-0-4428]). These results led us to hypothesize that elevated OGT expression may promote the tumorigenesis and progression of esophageal cancer. To investigate this hypothesis, an RNAi knockdown of OGT in the Eca-109 human esophageal cell line was created.

The results of the present study demonstrated that neither the RNAi knockdown of OGT expression nor the decrease of O-GlcNAcylation significantly inhibited cellular proliferation. This negative result may be due to the incomplete depletion of OGT in these cells; in previous studies, complete deletion of OGT led to cell death ([@b29-ol-0-0-4428],[@b30-ol-0-0-4428]). High levels of O-GlcNAcylation in breast cancer have recently been observed to promote metastasis, particularly to lymph nodes ([@b31-ol-0-0-4428]). Furthermore, in our previous report, high levels of O-GlcNAcylation were identified to be associated with lymph node metastasis in esophageal carcinoma ([@b19-ol-0-0-4428]). These results suggest that OGT may promote cancer cell metastasis. In accordance with this suggestion, the Transwell assay performed in the current study demonstrated that RNAi knockdown of OGT significantly reduced cell migration. Since matrix metalloproteinases (MMPs), including MMP9, serve crucial roles in cell migration ([@b32-ol-0-0-4428],[@b33-ol-0-0-4428]), the effect of RNAi knockdown of OGT in Eca-109 cells on MMP9 expression was investigated. This revealed that MMP9 was significantly decreased in the RNAi-OGTB-transfected Eca-109 cells when compared with negative control shRNA transfected cell group, suggesting that knocking down the OGT gene in esophageal cancer may affect cellular migratory ability by decreasing MMP9, a phenomenon which may be predicted to be relative to the level of O-GlcNAcylation. Supporting this hypothesis, high OGT expression and high levels of O-GlcNAcylation have been observed to promote the metastasis of breast cancer cells ([@b34-ol-0-0-4428]). Also consistent with the current results, MMP9 has been reported to be involved in esophageal carcinoma metastasis ([@b35-ol-0-0-4428]), and high levels of O-GlcNAcylation have been associated with lymph node metastasis in esophageal carcinoma ([@b19-ol-0-0-4428]). However, the molecular mechanism by which O-GlcNAcylation affects MMP9 is largely unknown. O-GlcNAcylation has been reported to regulate extracellular signal-regulated kinases (ERKs) through MAPK/ERK kinases and Raf ([@b36-ol-0-0-4428]), and ERK regulates MMP2 and MMP9 ([@b37-ol-0-0-4428],[@b38-ol-0-0-4428]). These facts imply a potential mechanism, in which OGT knockdown results in the downregulation of O-GlcNAcylation, which in turn results in the downregulation of MMP9 through the ERK pathway.

In summary, the current study demonstrated that RNAi is able to successfully downregulate OGT, and that OGT downregulation suppresses O-GlcNAcylation in Eca-109 cells. OGT knockdown did not affect cell viability; however, it did significantly reduce cell migration. Supporting this result, OGT knockdown was accompanied by a decrease in MMP9 expression. These findings suggest that O-GlcNAcylation may promote the migration, invasion and metastasis of esophageal cancer cells by enhancing the stability or expression of MMP9.
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![Effects of transfection of RNAi-OGT in Eca-109 esophageal cancer cells. (A) Eca-109 cells were transfected with RNAi-OGT-EmGFP (RNAi-OGTA, RNAi-OGTB or RNAi-OGTC) for 7, 14 and 21 days, and EmGFP fluorescence was assessed using fluorescence microscopy. Representative fluorescent images of RNAi-OGTB-transfected cells (green) are shown. (B) Eca-109 cells were transfected with RNAi-OGTA, RNAi-OGTB or RNAi-OGTC for 72 h, and OGT mRNA levels of were determined by reverse transcription-quantitative polymerase chain reaction. The RNAi transfected cells had a significantly decreased expression of OGTA and OGTB compared with the negative control cells. OGT1, cells transfected with negative control shRNA; OGT2, cells transfected with RNAi-OGTA, RNAi-OGTB or RNAi-OGTC. (C) Eca-109 cells were transfected with RNAi-OGTA, RNAi-OGTB or RNAi-OGTC for 72 h, and OGT protein levels were determined by western blotting with β-actin as the loading control. (D) Gradation value ratio of OGT on western blotting (C) demonstrated that the RNAi transfected cells had a significantly decreased expression of OGTA and OGTAB compared with the negative control cells. Gray levels calculated following densitometric analysis of western blots. \*P\<0.05 vs. cells infected with negative control shRNA. RNAi, RNA interference; OGT, O-linked N-acetylglucosamine transferase.](ol-11-05-3317-g00){#f1-ol-0-0-4428}

![RNAi silencing of OGT resulted in decreased RL2 protein in Eca-109 cells. (A) Eca-109 cells were transfected with RNAi-OGTB for 72 h. RL2 protein levels were determined by western blotting with β-actin as the loading control. (B) Gradation value ratio of RL2 between the control and RNAi-OGT blots (A). Gray levels calculated following densitometric analysis of western blots. \*P\<0.001 vs. cells infected with negative control shRNA. RNAi, RNA interference; OGT, O-linked N-acetylglucosamine transferase; RL2, O-linked N-acetylglucosamine.](ol-11-05-3317-g01){#f2-ol-0-0-4428}

![Inhibition of OGT using RNAi-OGT decreased the colony formation and proliferation ability of the Eca-109 cells. Colony formation assay of the (A) control and (B) RNAi-OGT groups. (C) Colony formation ratio between the control and RNAi-OGT groups was calculated from the amount of colonies in 3 regions of 1 cm^2^ in size on each plate, which was compared between the two groups used Student\'s *t* test (P=0.339). (D) Cellular proliferation curves (P=0.317). RNAi, RNA interference; OGT, O-linked N-acetylglucosamine transferase; OD, optical density.](ol-11-05-3317-g02){#f3-ol-0-0-4428}

![Inhibition of OGT using RNAi-OGT decreased the cellular migratory ability of ECA-109 cells. Transwell migration assays were performed using Eca-109 cells transfected with (A) RNA-Control or (B) RNAi-OGTB for 72 h. (C) The number of cells penetrating the matrix for the control and RNAi-OGT groups, revealing a significant reduction in the RNAi-OGT group (\*P=0.024 vs. cells infected with negative control shRNA). RNAi, RNA interference; OGT, O-linked N-acetylglucosamine transferase.](ol-11-05-3317-g03){#f4-ol-0-0-4428}

![RNAi knockdown of OGT decreased MMP9 expression in Eca-109 cells. (A) Eca-109 cells were transfected with RNAi-OGTB for 72 h and MMP9 mRNA levels were determined by reverse transcription-polymerase chain reaction (P\<0.001) (B) MMP9 protein levels were determined by western blotting, and the levels of MMP-9 expression were lower in OGT-B inhibiton group. β-Actin was the loading control. (C) Gradation value ratio of the MMP9 protein levels between the control and RNAi-OGTB blots. Gray levels calculated following densitometric analysis of western blots. \*P\<0.01 vs. cells infected with negative control shRNA. RNAi, RNA interference; OGT, O-linked N-acetylglucosamine transferase; MMP9, matrix metalloproteinase 9.](ol-11-05-3317-g04){#f5-ol-0-0-4428}

###### 

shRNA segment names and sequences.

                     Sequence                   
  ------------------ -------------------------- ---------------------------
  RNAi-OGTA          5′-TGCTGGATGTGCCAACTCAGC   5′-CCTGGATGTGCCAACAGCTAA
                     TAACCGTTTTGGCCACTGACTG     CCGTCAGTCAGTGGCCAAAACG
                     ACGGTTAGCTGTTGGCACATC-3′   GTTAGCTGAGTTGGCACATCC-3′
  RNAi-OGTB          5′-TGCTGTAGAGTAGGCATCAGC   5′-CCTGTAGAGTAGGCAAGCAA
                     AAAGGGTTTTGGCCACTGACTG     AGGGTCAGTCAGTGGCCAAAAC
                     ACCCTTTGCTTGCCTACTCTA-3′   CCTTTGCTGATGCCTACTCTAC-3′
  RNAi-OGTC          5′-TGCTGAATACTGCTCAGCAAC   5′-CCTGAATACTGCTCAAACTTC
                     TTCAGGTTTTGGCCACTGACTG     AGGTCAGTCAGTGGCCAAAACC
                     ACCTGAAGTTTGAGCAGTATT-3′   TGAAGTTGCTGAGCAGTATTC-3′
  Negative control   5′-GAAATGTACTGCGCGTGGAG    
                     ACGTTTTGGCCACTGACTGACG     
                     TCTCCACGCAGTACATTT-3′      

shRNA, short hairpin RNA; RNAi, RNA interference; OGT, O-linked N-acetylglucosamine transferase.
